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ABSTRACT
Dissolved organic matter (DOM) is a major component of the carbon-pool in aquatic systems and thus 
represents an important pathway on the carbon cycle, especially in marine environments. For instance, studies 
have used DOM to assess drinking water quality, its importance on biogeochemical cycles, its usefulness as 
an environmental tracer, etc. This article discusses some of the current methods used to assess the amount 
and composition of DOM, and applications of DOM as an environmental tracer in aquatic systems. Different 
techniques varying from molecular, optical, and chemical analyses to satellite remote sensing have been 
employed to identify, characterize and quantify DOM and to assess its distribution, composition and dynamics 
in distinct aquatic environments. Those approaches however, focus only on specific fractions of the total DOM-
pool. Hence, recent studies have attempted to link the results provided by such complimentary methods to 
reach a more comprehensive understanding on the total DOM-pool in aquatic systems. Additionally, DOM 
spectroscopic measurements (e.g. absorbance and fluorescence) are cost-effective tools and can be sampled 
with high resolution by autonomous devices such as fluorometers. Furthermore, the optical properties of 
DOM have been shown to be reliable proxies for monitoring water quality and for tracing fresh water along 
the Arctic Ocean. With the climate change pressure on Arctic environments and the expected increase in fresh 
water and ancient carbon export from the continent to the ocean, optical analyses of DOM can be an easy-
to-measure and affordable parameters for assessing and monitoring these effects in the Arctic environment.
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1. Introduction
With the climate change pressure on the environment, 
the scientific community has sought a more comprehensive 
understanding on the carbon cycle, its reservoirs and the 
processes governing their dynamics. Aquatic systems 
play an important role for the carbon cycle, for instance, 
as provision of a large pool of carbon, important sink and 
turnover of organic carbon. As a consequence, increasing 
effort has been devoted to study aquatic environments 
and processes governing the dynamics of both, organic 
and inorganic carbon. With more studies on the 
characterization of stocks, sources, dynamics, and fate of 
both organic and inorganic carbon, a more comprehensive 
understanding of the carbon cycle would be reached, which 
is of great importance for improving forecasts of future 
climate scenarios.
Non-living organic matter is present in aquatic 
systems as particles, colloids, and dissolved molecules. 
The dissolved fraction of organic matter (DOM) is 
operationally defined by filtration with specific pore size, 
with 0.45 μm being the most accepted limit [Steinberg, 
2003]. The DOM fraction encompasses a wide range of 
organic compounds with variable molecular complexity 
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and is one of the largest carbon-pools on Earth [Hedges, 
1992]. The most frequently observed compounds in 
the DOM-pool are amino acids, carbohydrates, lipids, 
pigments, lignins, tannins, and proteins, whose relative 
contribution varies in different environments, in relation 
to its origin. For instance, terrestrially-derived humic 
acids derived from lignin, which is formed exclusively in 
vascular plants, contain large amounts of carbon in the 
form of aromatic carbons and phenols [Lebo et al., 2000]. 
Microbially-derived amino acids and proteins, on the other 
hand, contain a low aromatic and phenolic content in 
relation to terrestrial sourced DOM [Geider and La Roche, 
2002]. Given the huge variety in DOM composition and 
the wide panel of different approaches employed to analyze 
it, this article provides a brief review on some of the current 
methods applied to assess the amount and composition of 
DOM. Secondly, an overview on the applications of DOM 
properties as environmental tracers in aquatic systems is 
presented, with focus on the Arctic marine environment.
2. Quantitative and qualitative methods for DOM assessment
Different methods have been applied for performing 
chemical analyses of DOM. In general, those methods can 
be classified into two groups according to the preparation of 
the sample for analysis: the analyses involving purification 
and/or pre-concentration and the analyses performed 
in filtered original water (Figure 1). The purification and 
pre-concentration are employed to avoid interference 
of inorganic ions, which can affect highly to sensitive 
analyses. However, those methods can have analytical 
errors embedded in their analysis such as oxidation of 
only a part of DOM and increase in DOM concentration 
during drying of samples [Bolan et al., 1996]. A wide range 
of methods have been developed using such techniques, 
for instance, solid phase extraction (SPE), ultrafiltration, 
nanofiltration, reverse osmosis, or electrodialysis. Although 
those methods have been widely applied in DOM studies, 
this article focuses on the approaches using filtered original 
water, which are here further divided into molecular 
and bulk analyses. The methods for DOM analysis using 
filtered original water can vary significantly with regards 
to the analytical procedure, including elemental analysis, 
isotopic analysis, chromatography, and mass spectrometry.
 
Figure 1. Strategies in the chemical analyses of DOM with respect to the pre-processing of samples [addapted from Dubinenkov, 
2015]. 
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2.1. Molecular analysis
By molecular analysis, this article refers to the 
quantification of an essentially pure type of organic 
compound or compound class. Two major groups of 
methods are applied in molecular analysis of DOM, the 
targeted and the non-targeted (Figure 2). Targeted methods 
are focused on analyzing specific organic compounds, 
which structure is well defined in the literature. In 
DOM research, such molecules are usually referred to as 
biomarkers. Non-targeted methods are used to detect 
the analytical signal (or superposition of signals) from 
multiple molecular components with the DOM mixture. In 
addition, non-targeted methods can also be employed for 
the characterization of bulk DOM, since they can provide 
information on the carbon content in a water sample.
 Figure 2. Strategies in the chemical analyses of DOM regarding the methods of analysis [addapted from Dubinenkov, 2015]. 
2.1.1. Targeted molecules
The analysis of targeted molecules consists of quantifying 
a specific compound based on its extraction from the water 
samples. Examples for targeted biomolecules are lignin 
phenols, proteins and amino acids, sugars, amino-sugars, 
and lipids. Such molecules can be analyzed by applying 
different techniques. For example, most proteinogenic 
amino acids can be retained and separated by high-
performance liquid chromatography (HPLC; Mopper and 
Lindroth, 1982) whereas some phenols can be separated 
using both gas chromatography [Benner and Opsahl, 2001] 
and HPLC. 
2.1.2. Non-targeted molecules
Non-targeted approaches focus on the simultaneous 
detection of multiple molecular components. However, such 
methods can also provide bulk estimates of DOM. Among 
the several non-targeted methods for analysis of DOM, 
the nuclear magnetic resonance (NMR) and the Fourier 
transform ion cyclotron resonance mass spectrometry (FT-
ICR MS) have been applied in many studies focusing on 
molecular characterization of DOM in the last decades. 
Despite of the wide application of both methods, this 
subsection focuses on the FT-ICR MS method, given the 
significant increase in the number of studies using that 
method to chemically characterize DOM.
FT-ICR MS provides a detailed characterization of the 
diversity of molecular formulas contained in the analyzed 
DOM samples [Koch and Dittmar, 2006]. Three distinct 
ways are used to analyze DOM with mass spectrometry, 
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nevertheless all involving preliminary purification and 
concentration of samples: hyphenation with HPLC 
[Dittmar et al., 2007], direct injection of samples extracts 
[Kim et al., 2003] and chromatographic fractions [Koch et 
al., 2008]. The FT-ICR MS determines the mass-to-charge 
ratio (m/z) of ions based on their cyclotron frequency in 
a fixed magnetic field [Marshall and Hendrickson, 2002]. 
Given the high accuracy and sensitivity of the method, 
thousands of different mass peaks of DOM can be resolved 
and their respective molecular formulas can be assigned 
[Koch et al., 2005]. Several different approaches have been 
applied for visualizing the molecular information provided 
by the FT-ICR MS. Among them, the van Krevelen diagram 
is the most popular method applied [van Krevelen, 1950; 
Schmidt et al., 2009]. The diagram is constructed based on 
the atomic ratios of carbon compounds and is obtained 
from the hydrogen index (hydrogen:carbon) as a function 
of the oxygen index (oxygen:carbon). 
2.2. Bulk analyses
Bulk analyses to quantify and characterize DOM 
samples can be subdivided into elemental, isotopic, and 
spectroscopic methods. The most common quantitative 
representation of DOM in natural waters is dissolved organic 
carbon (DOC) concentration. It is usually quantified via 
high temperature catalytic oxidation to CO2 [Sugimura and 
Suzuki, 1988]. Carbon isotopic measurements (e.g. 13C and 
14C) can also provide information on bulk DOM in aquatic 
systems. Furthermore, such measurements can provide 
information on both mass and age of DOM [Williams 
and Druffel, 1987; Druffel and Bauer, 2000]. Studies have 
shown that DOC in deep waters presented q14C values 
reaching –502‰ (i.e., 5600 years) in the Southern Ocean 
[Druffel and Bauer, 2000] and –540‰ (i.e., 6240 years) 
in the central North Pacific Ocean [Williams and Druffel, 
1987]. However, this article focuses on the spectroscopic 
methods, such as absorbance (section 2.2.1) and 
fluorescence (section 2.2.2) spectra. These parameters can 
be monitored with in situ autonomous platforms and ocean 
color remote sensing [Cooper et al., 2005; Siegel et al., 2005; 
Heim et al., 2014], and the derived optical indices (section 
2.2.3) used to characterize and evaluate the transformation 
and reactivity of DOM.
2.2.1. Chromophoric dissolved organic matter
Spectral analyses of DOM have been applied to 
assess the optically active fraction of DOM, the colored 
(or chromophoric) and fluorescent DOM (CDOM and 
FDOM, respectively). CDOM is the DOM fraction that 
absorbs light in the ultraviolet (UV) and visible wavelength 
ranges [Siegel et al., 2002], whereas a fraction of CDOM is 
able to fluoresce, characterizing the FDOM fraction. From 
the absorbance spectra obtained with spectrophotometers, 
the Napierian absorption coefficient of CDOM (a) at each 
wavelength (λ) is obtained from the given equation: aλ(m-
1)=(2.303×Aλ)/L, where Aλ is the absorbance at specific 
wavelength and L is the cuvette path length in meters. That 
coefficient is adopted as an index of CDOM amount and 
different wavelengths have been chosen to determine a. 
Studies focusing on ocean color remote sensing previously 
presented results on absorption in the visible wavelength 
range, a440 or a443 [Siegel et al., 2002, 2005; Heim et 
al., 2014]. Other studies, on the other hand, used the 
absorption in the UV range (e.g. a325 and a350) because 
of its correlations with DOC and lignin concentration 
[Spencer et al., 2009; Stedmon et al., 2011], and also because 
CDOM is the most important optically active constituent 
of water in the open ocean with regards to absorption in the 
UV wavelength range [Nelson and Siegel, 2013]. Moreover, 
DOC has been shown to be strongly correlated with both 
CDOM and FDOM in the Arctic Ocean [Walker et al., 2013; 
Gonçalves-Araujo et al., 2015]. Therefore optically active 
fractions of DOM can be a proxy for the total DOM-pool 
(based on DOC measurements) in the Arctic environment.
2.2.2. Fluorescent dissolved organic matter
FDOM has also been used as an index of DOM amount 
[Benner et al., 2005; Cooper et al., 2005]. Furthermore, 
it can provide information on the origin, mixing, and 
removal of different fractions of DOM [Yamashita and 
Tanoue, 2003; Chari et al., 2013; Fukuzaki et al., 2014; 
Gonçalves-Araujo et al., 2015]. By acquiring the excitation-
emission-matrices (EEMs), a qualitative evaluation of the 
different compounds of bulk DOM from spectroscopy 
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can be performed [Coble, 1996]. With the adaptation of 
the Parallel Factor Analysis (PARAFAC) for the analysis 
of DOM, a more holistic differentiation of underlying 
independent DOM components was possible [Stedmon 
et al., 2003; Stedmon and Bro, 2008]. The PARAFAC is 
a multi-way analysis that can be applied to decompose 
trilinear data arrays such as EEMs. Furthermore, EEMs 
must be corrected for inner-filter effects and for the Raman 
and Rayleigh scattering prior to PARAFAC modeling 
[Murphy et al., 2013]. Recent studies attempted to 
associate molecular groups and PARAFAC-derived DOM 
components [Stubbins et al., 2014; Kellerman et al., 2015; 
Wagner et al., 2015]. They found significant correlations 
between the humic-like fluorescent peak A [e.g., Coble, 
2007] and high molecular weight compounds with little 
nitrogen, between the protein-like fluorescent peak T and 
low molecular weight aromatic compounds (such as amino 
acids) and between the humic-like fluorescent peak C and 
lignin-derived phenols. Moreover, a recent study pointed 
out that some PARAFAC-derived components from the 
OpenFluor database [Murphy et al., 2014] have been shown 
to match with fluorescence of specific organic compounds, 
such as salicylic acid, tyrosine, tryptophan and p-cresol 
[Wünsch et al., 2015]. Finally, the fluorescence quantum 
yield (Φ) of a pure fluorophore represents the probability 
of it to fluoresce after being excited by light [Lakowicz, 
2006]. However, given that CDOM in a natural sample 
represents a complex mixture of different molecules, some 
of those molecules are not able to fluoresce. Hence, the 
CDOM fluorescence efficiency of a given water sample 
is the result of the combination of those signals. Thus, 
studies for analysis of DOM in natural water samples 
have expressed their results by means of the apparent 
fluorescence quantum yield (AQY), which represents Φ for 
a mixture of fluorophores [Green and Blough, 1994; Del 
Vecchio and Blough, 2004; Wünsch et al., 2015]. AQY has 
been pointed out as a good proxy to assess the effects of 
microbial turnover of DOM [Catalá et al., 2015].
2.2.3. Optical indices for DOM modification
The information contained in the spectral analysis 
of both CDOM and FDOM cannot only determine the 
amount and composition of DOM components, but it can 
also give insights into DOM origin and transformation. For 
that purpose, several optical indices have been developed. 
The spectral slope of absorption spectra (S) is obtained by 
applying an exponential function to the UV-VIS spectral 
range. It has been shown to be inversely correlated with 
the molecular weight of DOM and it can also be related 
to photobleaching [Helms et al., 2008]. The choice of 
each spectral range for assessment of the spectral slope 
varies among different studies and sampling regions. For 
instance, S values acquired in the UV region (e.g., 275–
295 nm) can differ from results expressed by means of 
the VIS region (e.g., 350–400 nm) reflecting differences 
regarding the origin of DOM, as from terrestrial or marine 
character [Helms et al., 2008]. Other studies obtained 
S values considering the full UV-VIS regions, deriving 
S from the range between 300–650 nm [Stedmon and 
Markager, 2001]. A recent study showed that nitrate and 
cytochrome C exert strong influence on CDOM absorption 
spectra, given their absorbance peaks at 302 and 405 nm, 
respectively [Catalá et al., 2016]. Furthermore, that same 
study showed that those two chromophores can lead S275-
295 and S350-400 to an overestimation by 13.3 ± 6.0% 
and 14.8 ± 10.6%, respectively. The slope ratio (SR) is 
obtained from the ratio between UV and VIS absorption 
spectral slope (275–295 and 350–400 nm, respectively) and 
provides strong differentiation between open ocean waters 
from those of near-shore coastal or estuarine origin [Helms 
et al., 2008]. The specific UV absorbance (SUVA) index is 
obtained as a function of the UV absorbance (at 254 nm) 
and DOC concentration, and it is used to trace the degree 
of aromaticity in CDOM samples [Weishaar et al., 2003], 
which is in turn correlated to the molecular weight [Helms 
et al., 2008].
Fluorescence is widely used to assess the degree of 
humification of bulk DOM, and thus to provide insights 
into the origin of DOM. The fluorescence index (FI) can 
be applied to distinguish sources of isolated aquatic fulvic 
acids. It is determined based on the ratio of the emission 
intensity at a wavelength of 450 nm to that at 500 nm, 
obtained with an excitation of 370 nm [Mcknight et al., 
2001]. The humification index (HIX) estimates the degree 
of maturation of DOM [Zsolnay et al., 1999; Zsolnay, 
2003], considering that humification is associated with 
an increase in the C/H ratio [Stevenson, 1994] and is thus 
reflected in emissions at longer wavelengths [Senesi et al., 
1991]. This index is obtained from the ratio of the areas 
of two spectral wavelength regions (435-480 nm versus 
300-345 nm) in the emission spectra for an excitation at 
254 nm [Zsolnay et al., 1999]. An increase in the degree 
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of aromaticity (humification) leads to a red shift in the 
emission spectrum, which results in higher HIX values. The 
biological/autochthonous index (BIX) is used to assess the 
biological modification of DOM based on UV fluorescence. 
The BIX index is obtained by calculating the ratio of the 
emission at 380 and 430 nm, excited at 310 nm [Huguet et 
al., 2009]. High BIX values correspond to autochthonous 
origin of DOM, i.e., freshly released DOM, whereas low 
BIX values indicate allochthonous DOM [Huguet et al., 
2009].
A recent study investigated the correlations between 
optical indices and molecular families derived from 
FT-ICR-MS measurements [Wagner et al., 2015]. The 
authors found that SUVA and HIX are effective in tracking 
terrestrially-derived groups of highly aromatic compounds 
with low N, P and S content, which have been previously 
pointed out by other studies to be photo-labile [Gonsior 
et al., 2009; Stubbins et al., 2010]. FI and BIX indices have 
been shown, on the other hand, to be associated to bio-
labile aliphatic formulae [Wagner et al., 2015].
3. DOM as an environmental tracer
DOM has been shown to be a useful tool in a wide 
range of applications, from scientific to management 
interests. Studies have shown that FDOM measurements 
provide a fast and sensitive way to monitor the qualitative 
and quantitative variation of DOM in drinking water, 
and during the sewage treatment and also recycling water 
processes [Guo et al., 2010; Hambly et al., 2010; Murphy 
et al., 2011]. PARAFAC-derived protein-like components 
(and their relative contribution compared to humic-like 
components) were suggested to be a reliable tracer to 
monitor the relative amount of raw or treated sewage in 
China [Guo et al., 2010]. Another study, conducted with 
samples from municipal water systems, highlighted the 
dominance of the terrestrial humic-like PARAFAC-derived 
component, which has also been identified in other studies 
performed on engineered, wastewater impact environments 
[Murphy et al., 2011].
Besides its potential use to monitor water quality and 
sewage and wastewater treatment, DOM has been shown to 
be a water mass tracer, especially the fresh water fractions 
[Stedmon and Markager, 2001; Stedmon et al., 2015]. 
Strong correlations between CDOM and the fraction of 
meteoric water, which is a tracer of continental fresh water 
input [Dodd et al., 2012], can be used as a proxy to monitor 
the fresh water export from the Arctic to the Atlantic 
basins, given the high DOM concentrations in those waters. 
Furthermore, other optical parameters of DOM can be 
applied to trace the fraction of meteoric water in the Arctic 
Ocean. Studies have used the correlation between S and 
a375 to detect the fractions of meteoric water [Granskog 
et al., 2012; Stedmon et al., 2015] by applying the model 
proposed by Stedmon and Markager [2001]. It has also 
been demonstrated the potential of the visible wavelength 
fluorescence of DOM (VIS-FDOM) to trace the fresh 
water content of the Arctic outflow [Gonçalves-Araujo et 
al., submitted]. Hence, FDOM can be used as a proxy to 
trace the origin of the waters occupying the Arctic surface 
layer, based on VIS-FDOM end-members proposed by that 
study, as being generated either in the Eurasian or Canadian 
basins, which cannot be detected by traditional analysis of 
hydrographical data (e.g. T-S diagrams and thermohaline 
intervals for water masses). Those authors concluded that 
their results provide an indication of which wavelength 
regions for DOM fluorescence carry information on DOM 
source and mixing. Such information has potential for 
supporting the design of in situ DOM fluorometers as a 
low-cost mechanism to provide high spatial and temporal 
resolution data for tracing the freshwater origins and 
decipher water mass mixing dynamics in the region, given 
the concern regarding the effects of climate change over the 
Arctic Ocean.
Given that CDOM absorbs light in both the UV and 
visible wavelength ranges, it can play an important role in 
the biogeochemical cycles in coastal and inner-shelf waters, 
being one of the dominant components interacting with 
the underwater light field in those environments [Siegel et 
al., 2002; Nelson and Siegel, 2013]. Furthermore, it can act 
as a shield for the aquatic biota from harmful UV radiation 
[Arrigo and Brown, 1996]. As a result of its UV absorbing 
properties, CDOM is susceptible to photo-degradation, 
which either induces direct mineralization or produces 
microbiologically labile low molecular weight compounds, 
which are subsequently utilized by bacteria [Mopper and 
Kieber, 2002]. CDOM does not only absorb UV-radiation, 
it also absorbs heat, thus influencing the light and heat 
penetration in surface waters [Granskog et al., 2015], 
especially in coastal and inner-shelf regions.
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Finally, given the increased coastal erosion and 
permafrost thawing rates in the Arctic, with consequent 
release of ancient organic carbon [Aiken et al., 2014; 
Dubinenkov et al., 2015], many studies have attempted 
to trace and elucidate the fate of such compounds in the 
aquatic environment. A recent study showed that coastal 
erosion in the Yukon coast releases significant amounts of 
DOC to the coastal Beaufort Sea [Tanski et al., 2016]. Based 
on the results of stable carbon isotope analysis it was also 
shown that, especially during summer and autumn, ancient 
DOC is released and will likely contribute to older DOC in 
the Yukon River and its tributaries in the coming decades 
[Aiken et al., 2014].
4. Conclusions
DOM has been shown to play an important role on 
the carbon cycle, acting as a link between terrestrial and 
aquatic systems. Furthermore, it is an easy-to-measure and 
affordable tool for monitoring water quality and sewage 
treatment. DOM is subject to several processes that affect 
its composition, amount and reactivity. However, the effects 
of such processes on different compounds, as well as the 
fate of DOM in aquatic systems are still under debate. With 
the ongoing climate change over the environment, more 
effort has been devoted to understand the role and fate 
of DOM in aquatic systems. A variety of new techniques 
have emerged in the last decades and better qualitative and 
quantitative assessment of the DOM is possible. However, 
there are still unresolved questions and unmet capabilities 
that need attention in the coming years. For instance, 
a more comprehensive understanding on the processes 
governing DOM dynamics, such as photo-oxidation, 
microbial turnover, adsorption/flocculation, etc. is needed 
for a better estimation of DOM production rates as well 
as the rates of DOM transformation. A recent special 
issue gathered several papers linking the chemical and 
optical properties of DOM (“Linking optical and chemical 
properties of dissolved organic matter in natural waters”, 
Frontiers in Journal, Section Marine Biogeochemistry). 
Such studies can provide, for instance, a more consistent 
interpretation of optical indices of DOM modification 
and PARAFAC-derived fluorescent components. Finally, 
it is clear that implementation of new observing systems 
including new ocean color sensors and ocean observing 
systems, as well as the deployment of autonomous platforms 
with DOM-fluorometers, will be responsible for much of 
the future collection of data. Therefore, advances on the 
analysis and interpretation of the optical properties of 
DOM are required to improve the sensitivity and specificity 
of sensors deployable on these platforms.
5. Acknowledgements
The author thanks to Prof. Dr. Astrid Bracher and Lumi 
Haraguchi for their valuable comments and discussions. 
Rafael Gonçalves-Araujo is supported by a PhD fellowship 
from the Coordination for the Improvement of Higher 
Level Personnel (CAPES-Brazil, Grant 12362/12-3) in 
collaboration with the German Academic Exchange 
Service (DAAD).
6. References
Aiken, G. R., R. G. M. Spencer, R. G. Striegl, P. F. Schuster, and P. A. Raymond (2014), Influences of glacier melt and 
permafrost thaw on the age of dissolved organic carbon in the Yukon River basin, Global Biogeochem. Cycles, 28(5), 
525–537, doi:10.1002/2013GB004764.
Arrigo, K. R., and C. B. Brown (1996), Impact of chromophoric dissolved organic matter on UV inhibition of primary 
production in the sea, Mar. Ecol. Progr. Ser., 140, 207–216.
Benner, R., and S. Opsahl (2001), Molecular indicators of the sources and transformations of dissolved organic matter in the 
Mississippi river plume, Org. Geochem., 32, 597–611.
Session 2: Dissolved Organic Matter
39
Benner, R., P. Louchouarn, and R. M. W. Amon (2005), Terrigenous dissolved organic matter in the Arctic Ocean 
and its transport to surface and deep waters of the North Atlantic, Global Biogeochem. Cycles, 19(2), n/a–n/a, 
doi:10.1029/2004GB002398.
Bolan, N. S., S. Baskaran, and S. Thiagarajan (1996), An evaluation of the methods of measurement of dissolved 
organic carbon in soils, manures, sludges, and stream water, Commun. Soil Sci. Plant Anal., 27(13-14), 2723–2737, 
doi:10.1080/00103629609369735.
Catalá, T. S. et al. (2015), Water mass age and aging driving chromophoric dissolved organic matter in the dark global ocean, 
Global Biogeochem. Cycles, 29(7), 917–934, doi:10.1002/2014GB005048.
Catalá, T. S., I. Reche, C. L. Ramón, À. López-Sanz, M. Álvarez, E. Calvo, and X. A. Álvarez-Salgado (2016), 
Chromophoric signatures of microbial by-products in the dark ocean, Geophys. Res. Lett., 43(14), 7639–7648, 
doi:10.1002/2016GL069878.
Chari, N. V. H. K., S. Keerthi, N. S. Sarma, S. R. Pandi, G. Chiranjeevulu, R. Kiran, and U. Koduru (2013), Fluorescence and 
absorption characteristics of dissolved organic matter excreted by phytoplankton species of western Bay of Bengal under 
axenic laboratory condition, J. Exp. Mar. Bio. Ecol., 445, 148–155, doi:10.1016/j.jembe.2013.03.015.
Coble, P. G. (1996), Characterization of marine and terrestrial DOM in seawater using excitation-emission matrix 
spectroscopy, Mar. Chem., 51(4), 325–346, doi:10.1016/0304-4203(95)00062-3.
Coble, P. G. (2007), Marine Optical Biogeochemistry: The Chemistry of Ocean Color, Chem. Rev., 107, 402–418.
Cooper, L. W., R. Benner, J. W. McClelland, B. J. Peterson, R. M. Holmes, P. A. Raymond, D. A. Hansell, J. M. Grebmeier, 
and L. A. Codispoti (2005), Linkages among runoff, dissolved organic carbon, and the stable oxygen isotope 
composition of seawater and other water mass indicators in the Arctic Ocean, J. Geophys. Res., 110(G2), G02013, 
doi:10.1029/2005JG000031.
Dittmar, T., K. Whitehead, E. C. Minor, and B. P. Koch (2007), Tracing terrigenous dissolved organic matter and its 
photochemical decay in the ocean by using liquid chromatography/mass spectrometry, Mar. Chem., 107(3), 378–387, 
doi:10.1016/j.marchem.2007.04.006.
Dodd, P. A., B. Rabe, E. Hansen, E. Falck, A. Mackensen, E. Rohling, C. Stedmon, and S. Kristiansen (2012), The freshwater 
composition of the Fram Strait outflow derived from a decade of tracer measurements, J. Geophys. Res., 117(C11005), 
1–26, doi:10.1029/2012JC008011.
Druffel, E. R. M., and J. E. Bauer (2000), Radiocarbon distributions in Southern Ocean dissolved and particulate organic 
matter, Geophys. Res. Lett., 27(10), 1495–1498, doi:10.1029/1999GL002398.
Dubinenkov, I., R. Flerus, P. Schmitt-Kopplin, G. Kattner, and B. P. Koch (2015), Origin-specific molecular signatures of 
dissolved organic matter in the Lena Delta, Biogeochemistry, 123(1-2), 1–14, doi:10.1007/s10533-014-0049-0.
Dubinenkov, I. V (2015), Molecular biogeochemistry of dissolved organic matter in the permafrost-influenced Lena delta, 
University of Bremen.
Fukuzaki, K., I. Imai, K. Fukushima, K.-I. Ishii, S. Sawayama, and T. Yoshioka (2014), Fluorescent characteristics of dissolved 
organic matter produced by bloom-forming coastal phytoplankton, J. Plankton Res., 36(3), 685–694, doi:10.1093/plankt/
fbu015.
Geider, R., and J. La Roche (2002), Redfield revisited: variability of C:N:P in marine microalgae and its biochemical basis, 
Eur. J. Phycol., 37(1), 1–17, doi:10.1017/S0967026201003456.
Gonçalves-Araujo, R., C. A. Stedmon, B. Heim, I. Dubinenkov, A. Kraberg, D. Moiseev, and A. Bracher (2015), From Fresh 
to Marine Waters: Characterization and Fate of Dissolved Organic Matter in the Lena River Delta Region, Siberia, Front. 
Mar. Sci., 2:108, 1–13, doi:10.3389/fmars.2015.00108.
Gonçalves-Araujo, R., M. A. Granskog, A. Bracher, K. Azetsu-Scott, P. A. Dodd, and C. A. Stedmon (n.d.), Using fluorescent 
dissolved organic matter to trace and distinguish the origin of Arctic surface waters, Sci. Rep.
Session 2: Dissolved Organic Matter
40
Gonsior, M., B. M. Peake, W. T. Cooper, D. Podgorski, J. D’Andrilli, and W. J. Cooper (2009), Photochemically Induced 
Changes in Dissolved Organic Matter Identified by Ultrahigh Resolution Fourier Transform Ion Cyclotron Resonance 
Mass Spectrometry, Environ. Sci. Technol., 43(3), 698–703, doi:10.1021/es8022804.
Granskog, M. A., C. A. Stedmon, P. A. Dodd, R. M. W. Amon, A. K. Pavlov, L. de Steur, and E. Hansen (2012), Characteristics 
of colored dissolved organic matter (CDOM) in the Arctic outflow in the Fram Strait: Assessing the changes and fate of 
terrigenous CDOM in the Arctic Ocean, J. Geophys. Res., 117(C12), C12021, doi:10.1029/2012JC008075.
Granskog, M. A., A. K. Pavlov, S. Sagan, P. Kowalczuk, A. Raczkowska, and C. A. Stedmon (2015), Effect of sea-ice melt on 
inherent optical properties and vertical distribution of solar radiant heating in Arctic surface waters, J. Geophys. Res. 
Ocean., 120(10), 7028–7039, doi:10.1002/2015JC011087.
Green, S. A., and N. V Blough (1994), Optical absorption and fluorescence properties of chromophoric dissolved organic 
matter in natural waters, Limnol. Oceanogr., 39(8), 1903–1916, doi:10.4319/lo.1994.39.8.1903.
Guo, W., J. Xu, J. Wang, Y. Wen, J. Zhuo, and Y. Yan (2010), Characterization of dissolved organic matter in urban sewage 
using excitation emission matrix fluorescence spectroscopy and parallel factor analysis, J. Environ. Sci., 22(11), 1728–
1734, doi:10.1016/S1001-0742(09)60312-0.
Hambly, A. C., R. K. Henderson, M. V. Storey, A. Baker, R. M. Stuetz, and S. J. Khan (2010), Fluorescence monitoring at a 
recycled water treatment plant and associated dual distribution system – Implications for cross-connection detection, 
Water Res., 44(18), 5323–5333, doi:10.1016/j.watres.2010.06.003.
Hedges, J. I. (1992), Global biogeochemical cycles: progress and problems, Mar. Chem., 39(1-3), 67–93, doi:10.1016/0304-
4203(92)90096-S.
Heim, B. et al. (2014), Ocean colour remote sensing in the southern Laptev Sea: evaluation and applications, Biogeosciences, 
11(15), 4191–4210, doi:10.5194/bg-11-4191-2014.
Helms, J. R., A. Stubbins, J. D. Ritchie, E. C. Minor, D. J. Kieber, and K. Mopper (2008), Absorption spectral slopes and slope 
ratios as indicators of molecular weight, source, and photobleaching of chromophoric dissolved organic matter, Limnol. 
Oceanogr., 53(3), 955–969.
Huguet, A., L. Vacher, S. Relexans, S. Saubusse, J. M. Froidefond, and E. Parlanti (2009), Properties of fluorescent dissolved 
organic matter in the Gironde Estuary, Org. Geochem., 40(6), 706–719, doi:10.1016/j.orggeochem.2009.03.002.
Kellerman, A. M., D. N. Kothawala, T. Dittmar, and L. J. Tranvik (2015), Persistence of dissolved organic matter in lakes 
related to its molecular characteristics, Nat. Geosci., 8(6), 454–457, doi:10.1038/ngeo2440.
Kim, S., R. W. Kramer, and P. G. Hatcher (2003), Graphical Method for Analysis of Ultrahigh-Resolution Broadband 
Mass Spectra of Natural Organic Matter, the Van Krevelen Diagram, Anal. Chem., 75(20), 5336–5344, doi:10.1021/
ac034415p.
Koch, B. P., and T. Dittmar (2006), From mass to structure: an aromaticity index for high-resolution mass data of natural 
organic matter, Rapid Commun. Mass Spectrom., 20(5), 926–932, doi:10.1002/rcm.2386.
Koch, B. P., M. Witt, R. Engbrodt, T. Dittmar, and G. Kattner (2005), Molecular formulae of marine and terrigenous dissolved 
organic matter detected by electrospray ionization Fourier transform ion cyclotron resonance mass spectrometry, 
Geochim. Cosmochim. Acta, 69(13), 3299–3308, doi:10.1016/j.gca.2005.02.027.
Koch, B. P., K.-U. Ludwichowski, G. Kattner, T. Dittmar, and M. Witt (2008), Advanced characterization of marine dissolved 
organic matter by combining reversed-phase liquid chromatography and FT-ICR-MS, Mar. Chem., 111(3-4), 233–241, 
doi:10.1016/j.marchem.2008.05.008.
van Krevelen, D. V (1950), Graphical-statistical method for the study of structure and reaction processes of coal, Fuel, 29, 
269–284.
Lakowicz, J. R. (2006), Principles of Fluorescence Spectroscopy, edited by J. R. Lakowicz, Springer US, Boston, MA.
Session 2: Dissolved Organic Matter
41
Lebo, S. E., J. D. Gargulak, and T. J. McNally (2000), Lignin, Kirk-Othmer Encyclopedia of Chemical Technology, John Wiley 
& Sons, Inc.
Marshall, A. G., and C. L. Hendrickson (2002), Fourier transform ion cyclotron resonance detection: principles and 
experimental configurations, , 215, 59–75.
Mcknight, D. M., E. W. Boyer, P. K. Westerhoff, P. T. Doran, T. Kulbe, and D. T. Andersen (2001), Spectrofluorometric 
characterization of dissolved organic matter for indication of precursor organic material and aromaticity, Limnol. 
Oceanogr., 46(1), 38–48.
Mopper, K., and D. J. Kieber (2002), Photochemistry and the cycling of carbon, sulfer, nitrogen and phosphorus, in 
Biogeochemistry of Marine Dissolved Organic Matter, edited by C. A. Carlson and D. A. Hansell, pp. 455–508, Academic 
Press, San Diego, CA.
Mopper, K., and P. Lindroth (1982), Diel and depth variations in dissolved free amino acids and ammonium in the Baltic Sea 
determined by shipboard HPL Canalysis, Limnol. Oceanogr., 27(2), 336–347, doi:10.4319/lo.1982.27.2.0336.
Murphy, K. R., A. Hambly, S. Singh, R. K. Henderson, A. Baker, R. Stuetz, and S. J. Khan (2011), Organic Matter Fluorescence 
in Municipal Water Recycling Schemes: Toward a Unified PARAFAC Model, Environ. Sci. Technol., 45(7), 2909–2916, 
doi:10.1021/es103015e.
Murphy, K. R., C. A. Stedmon, D. Graeber, and R. Bro (2013), Fluorescence spectroscopy and multi-way techniques. 
PARAFAC, Anal. Methods, 5(23), 6557, doi:10.1039/c3ay41160e.
Murphy, K. R., C. A. Stedmon, P. Wenig, and R. Bro (2014), OpenFluor– an online spectral library of auto-fluorescence by 
organic compounds in the environment, Anal. Methods, 6(3), 658–661, doi:10.1039/C3AY41935E.
Nelson, N. B., and D. A. Siegel (2013), The Global Distribution and Dynamics of Chromophoric Dissolved Organic Matter, 
Ann. Rev. Mar. Sci., 5(1), 447–476, doi:10.1146/annurev-marine-120710-100751.
Schmidt, F., M. Elvert, B. P. Koch, M. Witt, and K. U. Hinrichs (2009), Molecular characterization of dissolved organic 
matter in pore water of continental shelf sediments, Geochim. Cosmochim. Acta, 73(11), 3337–3358, doi:10.1016/j.
gca.2009.03.008.
Senesi, N., T. M. Miano, M. R. Provenzano, and G. Brunetti (1991), Characterization, differentiation and classification of 
humic substances by fluorescence spectroscopy, Soil Sci., 152(4), 259–271, doi:10.1097/00010694-199110000-00004.
Siegel, D. A., S. Maritorena, N. B. Nelson, D. A. Hansell, and M. Lorenzi-Kayser (2002), Global distribution and dynamics of 
colored dissolved and detrital organic materials, J. Geophys. Res., 107(C12), 3228, doi:10.1029/2001JC000965.
Siegel, D. A., S. Maritorena, N. B. Nelson, M. J. Behrenfeld, and C. R. McClain (2005), Colored dissolved organic matter 
and its influence on the satellite-based characterization of the ocean biosphere, Geophys. Res. Lett., 32(20), L20605, 
doi:10.1029/2005GL024310.
Spencer, R. G. M., G. R. Aiken, K. D. Butler, M. M. Dornblaser, R. G. Striegl, and P. J. Hernes (2009), Utilizing chromophoric 
dissolved organic matter measurements to derive export and reactivity of dissolved organic carbon exported to the Arctic 
Ocean: A case study of the Yukon River, Alaska, Geophys. Res. Lett., 36(6), L06401, doi:10.1029/2008GL036831.
Stedmon, C. A., and R. Bro (2008), Characterizing dissolved organic matter fluorescence with parallel factor analysis: a 
tutorial, Limnol. Oceanogr. Methods, 6, 1–6.
Stedmon, C. A., and S. Markager (2001), The optics of chromophoric dissolved organic matter ( CDOM ) in the Greenland 
Sea : An algorithm for differentiation between marine and terrestrially derived organic matter, Limnol. Oceanogr., 46(8), 
2087–2093.
Stedmon, C. A., S. Markager, and R. Bro (2003), Tracing dissolved organic matter in aquatic environments using a new 
approach to fluorescence spectroscopy, Mar. Chem., 82, 239–254, doi:10.1016/S0304-4203(03)00072-0.
Session 2: Dissolved Organic Matter
42
Stedmon, C. A., R. M. W. Amon, A. J. Rinehart, and S. A. Walker (2011), The supply and characteristics of colored dissolved 
organic matter (CDOM) in the Arctic Ocean: Pan Arctic trends and differences, Mar. Chem., 124(1-4), 108–118, 
doi:10.1016/j.marchem.2010.12.007.
Stedmon, C. A., M. A. Granskog, and P. A. Dodd (2015), An approach to estimate the freshwater contribution from glacial melt 
and precipitation in East Greenland shelf waters using colored dissolved organic matter (CDOM), J. Geophys. Res. Ocean., 
120(2), 1107–1117, doi:10.1002/2014JC010501.
Steinberg, C. E. W. (2003), Ecology of Humic Substances in Freshwaters, Springer Berlin Heidelberg, Berlin, Heidelberg.
Stevenson, F. J. (1994), Humus Chemistry: Genesis, Composition and reactions, 2nd ed., Willey-Interscience, New York, NY.
Stubbins, A., R. G. M. Spencer, H. Chen, P. G. Hatcher, K. Mopper, P. J. Hernes, V. L. Mwamba, A. M. Mangangu, J. N. 
Wabakanghanzi, and J. Six (2010), Illuminated darkness: Molecular signatures of Congo River dissolved organic matter 
and its photochemical alteration as revealed by ultrahigh precision mass spectrometry, Limnol. Oceanogr., 55(4), 1467–
1477, doi:10.4319/lo.2010.55.4.1467.
Stubbins, A., J.-F. Lapierre, M. Berggren, Y. T. Prairie, T. Dittmar, and P. A. del Giorgio (2014), What’s in an EEM? Molecular 
Signatures Associated with Dissolved Organic Fluorescence in Boreal Canada, Environ. Sci. Technol., 48(18), 10598–
10606, doi:10.1021/es502086e.
Sugimura, Y., and Y. Suzuki (1988), A high-temperature catalytic oxidation method for the determination of non-volatile 
dissolved organic carbon in seawater by direct injection of a liquid sample, Mar. Chem., 24(2), 105–131, doi:10.1016/0304-
4203(88)90043-6.
Tanski, G., N. Couture, H. Lantuit, A. Eulenburg, and M. Fritz (2016), Eroding permafrost coasts release low amounts of 
dissolved organic carbon (DOC) from ground ice into the nearshore zone of the Arctic Ocean, Global Biogeochem. Cycles, 
doi:10.1002/2015GB005337.
Del Vecchio, R., and N. V Blough (2004), On the Origin of the Optical Properties of Humic Substances, Environ. Sci. Technol., 
38(14), 3885–3891, doi:10.1021/es049912h.
Wagner, S., R. Jaffé, K. Cawley, T. Dittmar, and A. Stubbins (2015), Associations Between the Molecular and Optical Properties 
of Dissolved Organic Matter in the Florida Everglades, a Model Coastal Wetland System, Front. Chem., 3:66, 1–14, 
doi:10.3389/fchem.2015.00066.
Walker, S. A., R. M. W. Amon, and C. A. Stedmon (2013), Variations in high-latitude riverine fluorescent dissolved organic matter: 
A comparison of large Arctic rivers, J. Geophys. Res. Biogeosciences, 118(4), 1689–1702, doi:10.1002/2013JG002320.
Weishaar, J. L., G. R. Aiken, B. A. Bergamaschi, M. S. Fram, R. Fujii, and K. Mopper (2003), Evaluation of Specific Ultraviolet 
Absorbance as an Indicator of the Chemical Composition and Reactivity of Dissolved Organic Carbon, Environ. Sci. 
Technol., 37(20), 4702–4708, doi:10.1021/es030360x.
Williams, P. M., and E. R. M. Druffel (1987), Radiocarbon in dissolved organic matter in the central North Pacific Ocean, 
Nature, 330(6145), 246–248, doi:10.1038/330246a0.
Wünsch, U. J., K. R. Murphy, and C. A. Stedmon (2015), Fluorescence Quantum Yields of Natural Organic Matter and Organic 
Compounds: Implications for the Fluorescence-based Interpretation of Organic Matter Composition, Front. Mar. Sci., 
2:98, 1–15, doi:10.3389/fmars.2015.00098.
Yamashita, Y., and E. Tanoue (2003), Distribution and alteration of amino acids in bulk DOM along a transect from bay to 
oceanic waters, Mar. Chem., 82(3-4), 145–160, doi:10.1016/S0304-4203(03)00049-5.
Zsolnay, A., E. Baigar, M. Jimenez, B. Steinweg, and F. Saccomandi (1999), Differentiating with fluorescence spectroscopy 
the sources of dissolved organic matter in soils subjected to drying, Chemosphere, 38(1), 45–50, doi:10.1016/S0045-
6535(98)00166-0.
Zsolnay, Á. (2003), Dissolved organic matter: artefacts, definitions, and functions, Geoderma, 113, 187–209, doi:10.1016/
S0016-7061(02)00361-0.
